with the systolic and diastolic phases of the arterial pulse ( 1, 8, 20-Z 1) . This is supported by the observation that the phase relations between SND and the cardiac cycle disappear after interruption of baroreceptor nervous discharge (1, 3, 6, 12, 13, 19, 20, 30, 35, 37) . However, while some investigators (3, 6, 37) reported that SND appeared essentially continuous or random in character following removal of baroreceptor nervous discharge, others (2, 13, 30) observed irregularly occurring oscillations of SND indicative of synchronized activity cf individual fibers contained within pre-and postganglionic nerve bundles. The records presented by Downing and Siegel (13) and Koizumi et al. (30) are particularly intriguing since the duration of the synchronous bursts of SND appears to approach that of those which were locked to the cardiac cycle before section of the baroreceptor nerves. The work of Kezdi and Geller (29) also is pertinent.
They observed the effects produced on renal SND by nonpulsatile and pulsatile pressure applied to the isolated carotid sinus of the dog. The aortic depressor nerves were cut in these experiments. Figure 1 of their study shows synchronous bursts of SND when nonpulsatile pressure was applied to the carotid sinus. This is striking since the discharge of individual baroreceptor fibers is uniform rather than rhythmical under these conditions ( 14, 20). These observations raise the possibility that cscillations of SND which appear locked in a 1: 1 relation to the cardiac cycle are not generated by the baroreceptor reflexes. Rather, the 3 cycle/s periodicity of SND may be representative of a vasomotor rhythm of central origin which is entrained by the baroreceptor reflexes. The present investigation was designed to test this hypothesis.
METHODS
Sixty-seven cats weighing between 2.0 and 3.5 kg were anesthetized by the intraperitoneal injection of a mixture of sodium diallylbarbiturate (70 mg/kg), urethan (280 mg/ kg), and monoethylurea (280 mg/kg). Rectal temperature was maintained between 36 and 38°C with a heating pad and lamp. The animals were immobilized with gallamine triethiodide (4 mg/kg, iv) and artificially respired. Supplemental doses (2 mg/kg, iv) of gallamine were administered as required during the course of the experiment to prevent somatomotor responses to stimulation of the neuraxis. Pneumothoracotomy was performed to minimize movements associated with artificial respiration. Blood pressure was monitored from the tip of a catheter inserted into the lumbar aorta via the femoral artery and displayed on a Grass polygraph (model 7B). Baroreceptor nerve section and stimulation. The carotid sinus, aortic depressor and vagus nerves were exposed from a ventral aspect after reflection of a porticn of the trachea and esophagus into the mouth. The carotid sinus nerve was identified at its junction with the glossopharyngeal nerve, while the aortic depressor nerve was located at its junction with the superior laryngeal nerve. The SYNC pulse was generated in conjunction with square-wave pulses applied to the neuraxis or baroreceptor nerves, or by a timing pulse from a logic-divider trigger circuit which was derived from the R wave of the ECG. It was possible to apply stimuli to the neuraxis at any desired point in the cardiac cycle by interfacing the logic divider trigger circuit with the delay circuit of the stimulator. Figure 1A shows the characteristics of a spontaneous burst of renal nerve activity recorded simultaneously with bandpass settings of l-1,000 and 30-1,000
Hz. Withthe high-pass filter set at 1 Hz, Sru'D was viewed primarily as a slow wave, the characteristics of which will be the subject of this paper. The high-frequency components which formed the slow wave are shown in the lower record of Fig. 1R IXZ. 1. Oscillo~~~aphic traces of spontaneously occurring renal nerve dischzlrge. Npgatlvlty is upward in this and all subsenuent fipur?s. A: top trace is slow wave of SND recorded with preanlFlifier band pass of l-l ,000 HZ. Bottom trace shows high-frequency components (highpass filter set at 30 Hz) which forrned slow wave. Horiz,ontal calibration is 100 MS. H: rel,ltionship between blood pressure in mlnHg (lop trace) and slow wave of SND (bot!om ~mcrJ. Preamplifier band pass is l-1,000 HI. Period of reduced SND was associated with cxpiratory ph;lse of respiratory cycle (YP~ 8, 30 ). C; inhibition of slow wa\f during peak pressor action produced by norepinephrine (I rg/kg, i\ ). 1 ime base is I s/division nnd refers to H and C. Vertical calibration is 30 NV bind refers to nerve recordings in A-C activity (spikes) of individual fibers contained lvithin the nerve bundle under study. That is, the slow wave represents an envelope of nerve spikes. Figure 1 , B-C, shows that the rise in systemic blood pressure produced by the intravenous injection of 1 pg/kg of norepinephrine (baroreceptor reflex activation (16) SND depicted as slow waves on oscillographic records when the high-pass filter was set at 1 Hz. Figure 3 demonstrates that the slow wave of SND persisted after section of the baroreceptor and vagus nerves (four experiments) or hemorrhage (six experiments) to a mean arterial pressure between 70 and 80 mmHg (HEMOR I). However, the phase relations between SND and the cardiac cycle were unlocked (Fig. 4) . This was shown when the oscillographic records from each experiment were subjected to computer summation. The records in Fig. 4 were derived, in part, from the oscillographic tracings illustrated in Fig. 3, A functions of SND in Fig. 4 show a reduced degree of periodicity after section of the baroreceptor nerves or hemorrhage. This observation indicates that the slow waves of SND were less evenly spaced following the removal of baroreceptor nervous input.
The results presented in Figs. 3 and 4 suggest that the slow wave was generated by central vasomotor elements, rather than by the baroreceptor reflexes as has been generally assumed (1, 8, 20 , 2 1). Table I further supports this contention. Most importantly, the duration (-200 ms) of the negative phase of the slow wave of renal nerve activity was not significantly changed by baroreceptor denervation or hemorrhage.
In addition, of SND. That is, large-amplitude slow waves were replaced by higher frequency activity. EJect of stimulation of paramedian nucleus of medial medullary depressor region on slow wave of SND. Single shocks ( 10 V, 0.5 ms) applied to medullary depressor sites in the paramedian reticular nucleus at appropriate points in the cardiac cycle extinguished or prematurely terminated the slow wave of SND. Figure 5 is typical of the nine experiments performed.
The computer-summed records in Fig. 5A show locking of the slow wave of renal nerve activity to the arterial pulse. Panels B-G compare the 3 cycle/s oscillation of SND shown in panel A with the computer-summed wave forms following the application of a single shock to the paramedian nucleus at selected points in the cardiac cycle. Peak amplitude of the first slow wave in the triplet was reduced and delayed in time when the stimulus was applied simultaneously with the timing pulse (derived from R wave of ECG) which triggered the sweep of the computer (panel B). The original oscillographic records revealed that the first slow wave was extinguished approximately 50 % of the time by the stimulus applied to the paramedian nucleus. This most likely accounted for the reduction in amplitude of the computer-summed slow wave. When the single shock was applied close to the beginning of or near peak systole, the first slow wave of the triplet was extinguished or prematurely terminated (panels C and D, respectively). Application of the stimulus in early, mid, or late diastole failed to affect the slow wave (panels E-G). The record in PaneC E is particularly interesting since it shows that the stimulus was ineffective when placed approximately 60 ms after the start of the slow wave. Neither a facilatatory nor an occlusive interaction stimulation. This is shown by the traces in panels C and D. In panel C, the single shock was applied at a time when naturally occurring baroreceptor nervous activity would have been at a minimum (presystole). In panel D, the stimulus was applied near peak systole, i.e., during a time when naturally cccurring baroreceptor nervous activity would have been maximal. Importantly, the stimulus w-as effective in terminating the slow wave in both cases.
The data in Fig. 5 also make it difficult to envision how the slow wave could result frcm a waxing and waning of baroreceptor nervous discharge occurring during each cardiac cycle. It is reasonable to assume that the effects of paramedian stimulation monitored activation of intramedullary components of the baroreceptor reflex arc since the carotid sinus nerve makes primary and secondary connections with this medial medullary nucleus ( 11, 22, 23, 32, 33 The data in Fig. 8 further attest to the association of the late positive potential with the presence of the slow wave of SND. Severe hemorrhage (three experiments) to a mean arterial pressure below 60 mmHg led not only to the desynchronization of SND described in Fig. 3 , but also to the disappearance or marked reduction of the late positive potential evoked by stimulation of depressor sites in the paramedian nucleus (Fig. 8A) Although not shown in Fig. 10 the slow wave of SND persisted after decerebration.
These experiments suggest that sympathoinhibition evoked by stimulation of the aortic depressor nerve and paramedian nucleus occurred below the midcollicular level and did not require forebrain loops for its initiation.
The effects of baroreceptor reflex activation and paramedian stimulation were tested on potentials evoked in the splanchnic nerve by IO-ms trains of three pulses (10 V) applied once every 2 s to dorsolateral medullary pressor sites, and to descending pressor tracts in the dorsolateral white column of the fourth cervical spinal segment (24, 25, 27, 28) . The medullary and spinal pressor regions explored have been delineated in previous reports from this laboratory ( 16, 40, 41) . Sixteen splanchnic nerve potentials were summed before and during inhibition of spontaneously occurring SND associated with I) the pressor action produced by the intravenous injection of 1 pg/kg of norepinephrine (i.e., baroreceptor reflex activation (16)), and 2) the depressor effect produced by paramedian stimulation (10 V, 0.5 ms, 50 Hz). The summed splanchnic nerve potentials evoked from medullary pressor sites were inhibited to a significantly greater degree than those evoked from spinal pressor sites (Fig. 11 and Table 4 ). This observation supports the contention of Gebber et al. (16) that baroreceptorinduced sympathoinhibition occurs both at spinal and brainstem levels. Two observations indicated that the splanchnic nerve potentials evoked from the dorsolateral white columns of the midcervical spinal cord monitored the activation of descending pressor tracts. First, the onset latency of the splanchnic potential elicited from spinal pressor sites was shorter than for the potential evoked from the medulla (Fig.  11) . Second, Cl transection failed to abolish the splanchnic nerve responses evoked from spinal pressor sites ( Fig. 11 and from spinal pressor sites to a significantly greater extent than did Cl transection (Table 4 ). Figure 12 illustrates two experiments in which the time course of splanchnic nerve positivity was compared with that of spinal inhibition produced by stimulation of a paramedian depressor site with a 5-ms train of three pulses. The time course of spinal inhi bition is ity-recovery curve of the splanch depicted nit nerve by the exci tabildischarge (sum of 16 trials) elicited by a IO-ms train of three pulses applied to a pressor site in the dorsolateral white column of the midcervical spinal cord. The onset latencies of the computersummed splanchnic nerve discharges were 33 ms in Fig. 12A and 32 ms in Fig. 12B . This indicated that the potentials were evoked from descending spinal tracts. The time course of depression of the splanchnic nerve potential evoked from the spinal cord followed only that of the early phase of positivity in both experiments.
This observation suggests that the early phase of baroreceptor-induced sympathoinhibition occurred in the spinal cord while the late phase was mediated at a supraspinal level.
DISCUSSION
The data presented in this study contradict the generally accepted view that the slow wave of SND (3 cycle/s periodicity) results directly from a waxing and waning of baroreceptor nervous discharge occurring during each cardiac cycle (1, 8, 20 a single shock applied to the baroreceptor nerves or paramedian nucleus randomly with respect to the cardiac cycle approached the shape of the spontaneously occurring slow negative wave. This observation also is indicative of termination of the slow wave of SND by single-shock stimulation. A .t first glance, the conclusion that the 3 cycle/s periodicity of SND is not generated by the baroreceptor reflexes seems at odds with the results presented by Kezdi and Geller (29) . Figure 6 of their study shows that increasing the frequency at which standardized sinusoidal pressure waves were applied to the isolated carotid sinus of the dog produced a decrease in the duration of the burst of renal SND associated with each pressure cycle. This, of course, suggests that the genesis of the slow wave is directly related to the waxing and waning of baroreceptor nervous input. However, the phase relations between SND and the sinusoidal pressure wave essentially disappeared when the frequency of carotid sinus pulsation was raised above 8 cycles/s. More importantly, it appears that the bursts of SND associated with lower frequencies of sinusoidal pressure wave applica-
tion may have been comprised of 100-n-s packets (10 cycle/s periodicity).
These records appear very similar to those of the 10 cycle/s periodicity of SND published by Green and Heffron (19) . Thus, the effect of raising the frequency of sinus pulsation on the duration of the burst of SND perhaps was related to a change in the number of lOO-ms packets accompanying each pressure cycle rather than to shortening of the 3 cycle/s slow wave which seemed to be absent in Fig. 6 of Kezdi and Geller's study. Cohen and Gootman (7, 8) (12, 20, 29, 34 ). The present study indicates that the baroreceptor reflexes also function to entrain the slow wave of SND to the cardiac cycle. This was made clear by the observation that baroreceptor denervation led to uncoupling of the phase relations between the slow wave and the cardiac cycle. The slow waves of SND were less evenly spaced in the absence of baroreceptor nervous discharge. This was indicated by the reduced degree of periodicity in the autocorrelograms cf SND after baroreceptor nerve section or hemorrhage.
Thus entrainment of the slow wave by the baroreceptor reflexes regularized the 3 cycle/s rhythm of central origin. The frequency of cccurrence of the slow wave of SND was significantly increased by baroreceptcr denervation. Thus entrainment of the slow wave to the cardiac cycle by the baroreceptor reflexes also is frequency-limiting in effect. The effectiveness of paramedian stimulation in terminating the slew wave was dependent on the point at which the single shock was applied (Fig. 5) . A single shock extinguished or prematurely terminated the slow wave when delivered just before or at its onset. However, a single shock applied just after the beginning of the slow wave had no effect. This could not be explained on the basis of a long central delay of inhibition for the following reason. Although the onset latency of the late positivity recorded in the experiment illustrated in Fig. 5 was 85 ms, this value was considerably shorter than that time interval (150 ms) between the end of the slow negative wave and the point closest to its beginning at which the shock applied to the paramedian nucleus became ineffective (Fig. 5E ). These observations raise two important possibilities concerning the interactions between those central elements responsible for the generation and entrainment of the slow wave to the cardiac cycle. First, the slow wave of SND probably results as the consequence of "avalanche excitation" transmitted through an interconnected population of brainstem neurons. This would account for the similar duration of each slow wave observed either before or after baroreceptor denervation (Fig. 3) . Concerning this point, axon collaterals connecting large numbers of reticulospinal neurons have been described at medullary and pontine levels (5, 38, 39) . Second, the ineffectiveness of stimuli applied to the paramedian nucleus soon after avalanche excitation was initiated suggests that the sympathoinhibitory effect of the baroreceptors was exerted most likely on interneuronal elements which trigger the neural network responsible for the slow wave. As a result, baroreceptor nervous discharge no longer would be effective in influencing the formation of the slow wave once the most rostra1 elements of the interconnected population of brainstem neurons were excited.
In addition, triggering of the next wave of avalanche excitation would occur only after baroreceptor nervous discharge fell below some critical level. In this way, the slow wave of SND would become entrained to the cardiac cycle.
It 
